Blood flow rate quantification using two-dimensional phase-contrast MRI (PC-MRI) results in averaging of flow information due to long acquisition times precluding the examination of short-term effects. The aim of this study was to determine respiration-related flow rate variations by non-electrocardiographic triggered real-time phase-contrast MRI (PC-MRI).
Introduction
Velocity-encoded phase-contrast MRI (PC-MRI) is regarded as the first line diagnostic imaging technique for blood flow quantification in congenital and acquired heart disease. 1, 2 Typically, conventional free-breathing two-dimensional flow measurements are performed. Due to long data acquisition times, averaging of flow information and underestimation of peak velocities occur. 3, 4 Implementation of acceleration techniques for speeding up PC-MRI enables data collection in several seconds and, thus, allows measurements within a single breath-hold. 3, 5, 6 On the contrary, it is well-known that physiological changes during breath-holding influence haemodynamics. This results in an impaired measurement accuracy which prevents reliable diagnosis. 1, 3, 7, 8 With the introduction of navigator techniques, the influence of respiration on blood flow measurement is compensated but is restricted to a single user-defined respiration phase. 9 In recent years, several attempts were undertaken to overcome these limitations. For this purpose, real-time PC-MRI was introduced to assess short-term effects on blood flow without any need for breath-holding. 10 -14 It is generally known that blood circulation is maintained by complex relationships between several physiological pumping systems. At least three systems with a noteworthy impact on haemodynamics should be mentioned: cardiac pump, peripheral pump which is activated by exercise, and the ventilatory pump affecting flow by intrathoracic pressure changes. 15 Especially, the passive systemic venous return through the pulmonary system in patients with functionally univentricular hearts not suitable for corrective surgery is known to be dependent on respiration after a Fontan-type operation influencing cardiac output at rest and under exercise. 16 -18 Many studies carried out under physical stress are not capable to distinguish contributions based on the ventilatory pump from other influences such as the peripheral pump although exclusive modifications of the subject's breathing pattern may be helpful to investigate the quality of Fontan circulation under normal physiological conditions. Thus, the aim of this study was to examine flow rate changes in the ascending aorta and in both caval veins in relation to different respiratory intervals occurring during normal and forced breathing in healthy volunteers by using real-time PC-MRI. In a second step, the same experimental setup is applied to Fontan patients to validate the usefulness of this method in clinical routine work. In this context, we hypothesize that the generation of virtual respiratorygated SV curves allows a more accurate study of the ventilator system on blood flow changes.
Methods

Study design
From June 2011 to November 2012, we prospectively enrolled 34 healthy subjects without any evidence of cardiovascular diseases by echocardiography. One boy was excluded because of inability to cooperate. Of the remaining 33 participants, mean age was 13.4 + 3.7 years (6.0 -20.1 years, median ¼ 14.1 years, 15 males). In the same period of time, 10 Fontan patients (one female) were included; mean age of 15.5 + 3.7 Impact of respiration on SVs in Fontan patients assessed by real-time PC-MRI years (11.1-22.5 years, median ¼ 14.2 years). The study was approved by the local Scientific Ethics Institutional Review Committee (RegNo. 09/2011) and informed, written consent was obtained from study participants or legal guardians in case of minority.
After ruling out contraindications and explanation of the intended investigation, each subject underwent quantitative through-plane realtime PC-MRI measurements in the ascending aorta (AAo), superior vena cava (SVC; located prior confluence with the right atrium in controls and prior confluence with the right pulmonary artery in patients) and inferior vena cava (IVC; measuring position above hepatic veins). All flow measurements were performed under normal breathing conditions. In a second series, participants were asked to breathe in and out deeply during real-time PC-MRI data collection to investigate the amplifying respiratory impact on stroke volumes (SVs). The respiratory amplitudes were simultaneously recorded by spirometry to assess pulmonary volumes (BlueCherry Spirostik, Geratherm Respiratory GmbH, Bad Kissingen, Germany).
The quality of Fontan circulation was classified by accordingly assigning functional parameters with a possible impact on haemodynamics to define a patient-specific risk profile. In this regard, 13 parameters were assessed in every patient assigning one point for each of the following risk factors: fenestration, dilatation of the tunnel, protein loosing enteropathy, high central venous pressure (.15 mmHg), decreased oxygen saturation (,90%), significant collateral flow, diaphragmal paresis, decreased exercise capacity (peak oxygen uptake ,50% of normal), bad cooperation, morphologically right systemic ventricle, significant atrioventricular valve insufficiency, reduced ejection fraction (,50%), and cardiac index (≤2.5 L/min/ m 2 ). The following definition was applied; patient with a good Fontan circulation: risk factor between 0 and 3, moderate Fontan circulation: risk factor between 4 and 5, and bad Fontan circulation: risk factor ≥6. For assessment of intraobserver variability, 12 randomly selected data sets (four samples of each vessel) were reevaluated by one observer; Figure 2 : Generation of virtual SV curves. (Top) Division of the subject's respiration curve into four gates (red, end-expiration; green, inspiration; blue, end-inspiration; yellow, expiration). As seen in the small picture detail, occasionally heart intervals belong to different respiratory gates. The generation of respiratory-driven virtual SV curves (bottom: AAo ¼ ascending aorta; SVC ¼ superior vena cava) was achieved by accordingly assigning the flow data to the appropriate respiration gates. Data from a 7.9-year-old female (for the sake of clarity only physiological data from the real-time PC-MRI measurement performed in the AAo were shown). 
Magnetic resonance imaging
Quantitative flow measurements were performed with a 3.0T-TX system (Achieva, Philips Healthcare, Best, The Netherlands) equipped with parallel radiofrequency signal transmission technology (maximum gradient performance ¼ 80 mT/m, slew rate ¼ 200 T/m/s). A 32-element phasedarray coil was used for signal detection. For vessel localization, multiple segmented multi-phase steady-state free-precession acquisitions (TR/TE/flip ¼ 2.7 ms/1.35 ms/408) were collected to ensure accurate through-plane PC-MRI.
Real-time PC-MRI
Real-time PC-MRI was performed using a non-ECG-triggered flowsensitive EPI sequence combined with parallel imaging and half-Fourier technique as described elsewhere. 13 Figure 1 ). To ensure coverage of multiple breathing cycles, real-time PC-MRI was performed during a 12 -14 s period resulting in 500 flowsensitive images. Simultaneously, the subject's physiological data (ECG and respiration) as obtained by the scanner's wireless physiology units and marker information (e.g. start scan marker; stop scan marker) which is attached with the sample time moment during scanning were recorded. The facility for recording physiological data and marker information for offline evaluation purposes was provided by the manufacturer.
Analysis and generation of virtual SV curves
Post-processing was performed using homemade flow quantification software (developed by P.B.). Briefly, correct assignment of real-time flow data and the separately but simultaneously registered physiological data was achieved by read-out of the according timestamps for initializing and stopping of the applied pulse sequence. These flags were related to the corresponding generation time (DICOM information) of the recorded flow images.
After automatic R-wave detection, a low pass filter was applied to the respiration curve to suppress higher frequency components (.1 Hz) induced by gradient switching. Subsequently, the respiration curve was divided into four respiration sections namely: expiration, end-expiration, inspiration, and end-inspiration ( Figure 2 ). The end-expiration interval was defined as the lower 15% of the difference of two adjacent maximum and minimum values, whereas the end-inspiration interval corresponds to the upper 15%.
In addition to the common representation of single flow profiles (Figure 3) , the software allows a virtual generation and evaluation of breathing-dependent SVs as shown in Figure 2 . Thus, flow information allocating to the same respiratory phase but although belonging to different heart cycles (picture detail, Figure 2 ) were summarized to reconstruct the new breathing-dependent flow curves allowing an accurate assignment of the subject's respiration to SVs.
Furthermore, the maximal respiratory-related indexed cardiac output difference (DCI max ) was defined as the difference between the maximal and minimal flow rates indexed to the body surface area to ensure comparability between subjects.
Statistical analysis
Statistical calculations were done using SPSS software (Version 21.0.0.0, IBM Deutschland GmbH). In addition to descriptive statistics and calculation of correlation coefficients, the Shapiro-Wilk test was used to test data on normal distribution, the Mauchly test for variance Table 2 Volunteers: respiration-dependent flow rates related to the percentage deviation from the mean blood flow homogeneity. In case of normal distribution, one-way analysis of variance (ANOVA) was applied to verify whether any of the four respiratory-gated means are different considering P-values ,0.05 as statistically significant. The Bonferroni test was applied to identify statistically different groups.
For not normally distributed data, the Friedmann test was applied whereupon differences between groups were checked with the Wilcoxon test. Intraobserver and interobserver agreement was analysed using BlandAltman statistics.
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Figure 4: Respiration-dependent blood flow rates in healthy subjects. Influence of normal physiological and forced breathing on respiration-gated flow rates measured in the ascending aorta (AAo), superior vena cava (SVC), and inferior vena cava (IVC), respectively. Percentage deviation of the flow rate from the mean indexed to the body-surface. Statistical significant differences (P , 0.05) between the various respiratory groups are marked by an asterisk.
Impact of respiration on SVs in Fontan patients assessed by real-time PC-MRI
Results
Volunteers
All flow measurements were completed successfully with adequate image quality to perform quantitative flow analysis. One data set (AAo, 7 years, female) was excluded from the statistical evaluation due to irregular breathing of the individual. Overall heart rate during normal breathing was 83 + 14 and 86 + 16 bpm during forced breathing for real-time PC-MRI. Difference was statistically not significant.
SV variability
With real-time PC-MRI SVs, fluctuations which are induced by respiration of the subject during the 12 s acquisition interval was clearly apparent. As shown in Table 1 , the relative SV variability was around 6% for the ascending aorta and .15% for caval veins while breathing normally. If the subjects were asked to breathe in and out deeply, SVs varied .9% in AAo and .30% in veins (P , 0.05).
To estimate the effectiveness of forced respiration, a spirometric evaluation was performed. Data were available from 10 participants. In comparison to normal respiration, on average a 3.1-fold increase of tidal volumes was observed. Figure 3 illustrates typical flow and SV curves in a volunteer as obtained by real-time and standard conventional PC-MRI serving as reference. Note that large SV variability caused by the subject's respiration is illustrated by real-time PC-MRI but not with conventional PC-MRI due to its averaging character (data typically collected during time period between 1 and 3 min). For comparison purposes, averaged real-time PC-MRI flow and SV curves (red lines) were drawn in the figure demonstrating a similar appearance with those obtained by the reference measurement.
Respiratory influence on blood flow
To examine the impact of the individual's respiration on haemodynamics, virtual breathing-dependent SVs were generated as described earlier ( Figure 2) . As an example, the respirationdependent aortic and upper venous SV curves were shown in the lower part of the figure. As already indicated by the considerable SV variation (Table 1) , a strong respiratory dependency of the virtual curves was obvious.
Respiration-driven blood flow rates are summarized whereupon the given numbers correspond to the percentage deviations from mean flow ( Table 2) . Statistically significant differences between the four respiratory intervals were observed in all examined vessels. We found that aortic flow was elevated by nearly 6% during end-expiration, whereas was reduced by the same amount during end-inspiration. The maximum blood flow in veins was detected in inspiration (10-22%) while it was minimal during expiration (212 to 213%) whereby amplitudes were emphasized in IVC.
Regarding forced respiration increased amplitudes were observed in the AAo (end-expiration: +10%; end-inspiration: 27%, P , 0.05) and SVC (inspiration: +40%; expiration: 230%, P , 0.05) while relative blood flow remained unchanged in IVC but revealing a shifting of higher flow towards end-expiration (Table 2; Figure 4) .
Generally, mean blood flow in all examined vessels did not differ between the two breathing manoeuvres (P , 0.05).
Intraobserver and interobserver variability
Intraobserver and interobserver variability was determined for the averaged and the four respiratory-gated SVs. Bland-Altman statistics showed high agreements (,3%) indicating neither overestimation nor underestimation with only minimal scatterings with respect to intraobserver as well as interobserver variability (standard deviation: 5%). Correlations were high (r . 0.99) in all cases ( Table 3) .
Fontan patients
Due to reduced cooperation of one patient, adequate real-time PC-MRI data were not available from the IVC (forced breathing) and SVC (normal and forced breathing). In another case of insufficient compliance, measurements had to be done under anaesthesia whereby the patients' breathing was artificially controlled (pressure controlled ventilation; normal ventilation: minute volume ¼ 5.8 L, frequency ¼ 17, end-expiratory carbon dioxide pressure ¼ 35 mmHg, forced ventilation: minute volume ¼ 7.2 L, frequency ¼ 17, end-expiratory carbon dioxide pressure ¼ 30 mmHg). The overall patients' heart rate was 88 + 16 and 90 + 14 bpm during normal and forced respiration, respectively, with no statistical significant difference.
Compared with controls, SV variability was pronounced in Fontan patients ( Table 1) . Whereas aortic SV fluctuations were only moderately elevated in both normal and forced respiration subgroups ( 11%), a doubling was observed for SVC (30-60%) and a triplication for IVC (70 -120%). Simultaneously performed spirometric measurements (8 out of 10 patients) resulted in a 2.5-fold average increase of tidal volumes due to forced breathing.
For comparison with healthy subjects, the calculated respirationdependent flow rates from Fontan patients are summarized in Table 4 . As already observed in controls, blood flow in veins was elevated during inspiration and was considerably reduced during expiration but with increased amplitudes. This effect was most pronounced for the IVC where inspiratory flow rates exceeded the mean flow by 70%, whereas fell below the mean by 280% during expiration. Under forced breathing, such highly variable flow rates were observed for both venous vessels. Contrary to controls, highest aortic blood flow was prematurely detected during expiration in both breathing scenarios.
Regarding DCI max comparable values of about 0.5 L/min/m 2 were found for aorta and SVC in patients and controls but were substantially elevated in the patient's IVC (3.02 + 1.34 vs. 1.35 + 0.51 L/min/m 2 in controls, Table 5 ). Whereas forced breathing doubled DCI max in SVC only a weak increase was obvious in the IVC in both study groups. In general, mean blood flow in all examined vessels in Fontan patients did not differ between the two breathing manoeuvres (P , 0.05).
Discussion
The study was initiated to investigate the influence of the subject's breathing patterns on blood flow in large vessels. This was achieved by applying real-time PC-MRI to measure flow in a sub-second range and by relating this information to four different respiration intervals (Figure 2) . To our knowledge, this was the first time that virtually generated respiratory-gated SVs were created to address such dependencies in healthy subjects as well as in patients with total cavo-pulmonary connections where the patient's respiration is known to be one main factor for maintenance of blood circulation. The increased SV variation found in venous vessels ( Table 1 , Figures 3 and 5) could be explained by changes in intrathoracic pressure considerably influencing the systemic venous return. 22, 23 These fluctuations were enhanced (.30%) if the subjects were asked to perform forced breathing manoeuvres during data acquisition. Regarding Fontan patients pronounced SV variability was detected. This could be related to the fact that in such patients venous blood flow is more respiratory-dependent which is based on direct interaction of the pulmonary vascular bed with the systemic venous return which takes place immediately via the pulmonary system while bypassing a morphological right heart. 16 Respiratory-related maximal and minimal flow rates Aortic flow in healthy subjects (Table 2, Figure 4 ) was highest in end-expiration and was lowest in end-inspiration. Some other researchers found higher SVs during expiration compared with inspiration but dividing the respiration curve only in two halves. 11, 18 In contrast, maximal blood flow in both caval veins was observed during inspiration whereas was minimal during expiration. A similar behaviour was observed by Hjordal et al. 18 in the IVC but not in the SVC with unclear nature although theoretically expected in a comparable study when testing the effects of exercise and respiration on blood flow. As outlined in Table 2 , summarizing of the two respiration gates 'inspiration' and 'end-inspiration' as well as 'expiration' and 'end-expiration' to one single phase in analogy with their study will lead to some kind of compensatory effect due to the opposite signs of the calculated flow rates. This was valid for both veins in this study demonstrating the need for virtually created SVs assigned to multiple respiratory phases to avoid averaging of flow information. Furthermore, in a recent study by Claessen et al. 24 a non-negligible cardiorespiratory interaction on ventricular volumes was clearly demonstrated whereupon right ventricular (RV) volumes were significantly increased during inspiration in comparison to those obtained in expiration and thus confirming the elevated blood flow in the caval veins during inspiration found in the current study since the sum of IVC and SVC flow is a surrogate for RV SV in healthy subjects. The moderate aortic blood flow during inspiration (and expiration) further explains the minor cardiorespiratory effect on LV SVs observed in the same study. As already previously mentioned the negative intrathoracic pressure is responsible for increased inspiratory venous flow. On the other hand, simultaneously, blood pooling in the pulmonary vascular bed coupled with diminished pulmonary venous backflow into the left heart occurs. 11, 25 This results in a delayed arrival of the bulk flow in the ascending aorta leading to increased left-ventricular SVs during end-expiration. Due to the aortic elasticity fluctuations in blood pressure produced by heart action 26 as well as to a minor extend the changing intrathoracic pressures are damped leading to markedly less pronounced respiratory dependency of the aortic SVs. The enhanced respiratory-induced fluctuation of the aortic SVs in Fontan patients in relation to healthy subjects (10.8 vs. 6.1%) may also reflect a capacitance function of the right ventricle in healthy subjects which possibly acts as a buffer in order to keep the left-ventricular output relatively constant but which does not exist in Fontan patients with a univentricular heart. 24 Generally, the averaged DCI max in AAo and SVC were lower compared with those found in the IVC in healthy participants as well as in Table 5 ). It is noteworthy that forced breathing induced a doubling of DCI max in the SVC but to a considerably lesser extent regarding the IVC ( 20-40%) in both study groups. Furthermore, this study demonstrates that heart rate variations which theoretically have a significant impact on SVs were not responsible in this case because heart rates did not significantly differ between the two breathing manoeuvres neither in controls nor in the patient group. 15 In this context, it should also be mentioned that an additional skeletal muscle pump (peripheral pump) activation by introducing lower-limb exercise in Fontan patients results in a profound increase in IVC flow and to a lesser extend in SVC flow but which is mainly in consequence of an elevated heart rate. 18, 27 In contrast, in our study neither mean IVC flow nor mean SVC flow were considerably changed (P ¼ n.s.; see Table 5 ) because of restriction of the blood flow to the ventilator system alone. This observation was also confirmed by Shafer et al. 28 examining the relative contributions of the muscle and ventilator pumps to SVs in Fontan patients. They found an increase in the cardiac index by activating the muscle pump [change between rest and zero-resistance (0W) cycling] whereas obtained by real-time PC-MRI under normal breathing demonstrating the widespread physiological but systematic variation of the different heart cycles. (C) Computation of virtual SV curves reveals a strong blood flow towards the lungs in end-inspiration and inspiration, whereas a weak retrograde flow was detected in end-expiration and during expiration.
Impact of respiration on SVs in Fontan patients assessed by real-time PC-MRI adding the ventilator pump by isocapnic hyperpnoea cardiac index remained unchanged. The authors assume that Fontan patients operate near their limit of contractility and that the higher blood flow induced by negative intrathoracic pressure during inspiration does not improve biomechanical coupling.
Characterization of Fontan patients
As the number of Fontan patients was limited, no statistical workup was yet performed to examine the changes in respiratory-driven flow rates in the three subgroups. Instead, a qualitative consideration was undertaken: there is some evidence that patients with a 'good' Fontan circulation behave comparable to healthy subjects (doubling of DCI max in SVC and moderate DCI max increase in IVC during forced breathing) but have higher DCI max in the IVC compared with controls (e.g. Pt3, Table 6 ).
In contrast, patients with a 'bad' Fontan circulation (e.g. Pt6) a substantial non-typical increase in DCI max and a retrograde expiratory blood flow was observed in the SVC under forced breathing accompanied by a DCI max reduction in the IVC. This might be related to the dilated tunnel in conjunction with a diaphragmatic paresis leading to a pronounced blood supply/compensation from the SVC territory including accessory venous blood flow from the azygos vein to respond on the additional physiological demand caused by intensive respiration. As already assumed by Hsia et al., 17 disturbances to the ventilator system as induced by, e.g. diaphragmatic paresis in particular hepatic venous blood flow, which substantially contributes to the total inferior venous return, is diminished in such cases leading to a detrimental effect on Fontan haemodynamics. Furthermore, the negative influence of positive pressure ventilation on pulmonary blood flow by using anaesthesia could be observed (see Pt5, Table 6 ). Although haemodynamics was classified as 'moderate', the amount of blood flow as well as respiratory variations were diminished. It is generally known that spontaneous breathing represents the driving force for forward flow in such patients. 29 Thus, it must be assumed that the diagnostic assessment of the quality of Fontan haemodynamics is possibly not reliable if carried out under anaesthesia.
Generally, as a consequence of operative surgery, highest aortic blood flow in Fontan patients was prematurely detected in expiration. This may be related to the shorter vascular travel length (bypassing of the right heart) leading to an earlier arrival of the bulk flow at the measuring position.
Summing up there are three important factors to be concentrated on in Fontan patients: the amount of blood flow and its amplitude during respiration, the dynamics of these parameters under forced respiration, and the distinction between SVC/IVC flow may help to understand the haemodynamic consequences of tunnel aneurysms, stenotic pulmonary vessels, or massive collateral flow. This is very important because relevant pressure gradients are often difficult to detect in the venous system using invasive measurements such as cardiac catheterization.
Limitations
To inspect the extent of forced breathing during real-time PC-MRI spirometric measurements were performed simultaneously. This is an important issue since it can be expected that the amount of tidal volume changes has a direct effect on respiratory-dependent SVs and thus on the statistical evaluation. Although individual tidal volume variations were observed in this study up to date no adjustments were done. Impairment of haemodynamics in Fontan patients may be more pronounced under exercise, we preferred to investigate the influence of the ventilatory pump alone in order to find out if this method is sensitive enough to avoid artefacts due to exercise. This could be advantageous in less cooperative patients.
Breathing in supine position may not entirely mirror haemodynamics during daily activities.
Conclusions
Real-time PC-MRI allows flow data acquisition ,30 ms without any need for electrocardiographic triggering and breath-holding known to be responsible for inadequate diagnostic flow information based on respiratory-related physiological changes. The non-averaging character of real-time PC-MRI enables monitoring and studying of short-term effects such as respiratory-induced SV variations. The diagnostic potential of this method could be demonstrated in Fontan patients where respiration is known to be a crucial factor for the maintenance of blood circulation. It is expected that this technique allows evaluation of the quality of Fontan haemodynamics but may also be of value in other cardiac disease like including the noninvasive diagnostic workup of patients with pulmonary hypertension or constrictive pericarditis.
